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INDOLE-CONTAINING AND COMBRETASTATIN-RELATED ANTI-MITOTIC 
AND ANTI -TUBULIN POLYMERIZATION AGENTS 

BACKGROUND OF THE INVENTION 

Tubulin is currently among the most attractive therapeutic targets in new drug design for 
5 the treatment of solid tumors. 10 The heralded success of vincristine and taxol along with the 
promise of combretastatin A-4 (CA-4) prodrug and dolastatin 1 0, to name just a few, have firmly 
established the clinical efficacy of these antimitotic agents for cancer treatment. 

An aggressive chemotherapeutic strategy toward the treatment of solid-tumor cancers 
continues to rely on the development of architecturally new and biologically more potent 

10 anti-tumor, anti-mitotic agents which mediate their effect through a direct binding interaction 
with tubulin. A variety of clinically-promising compounds which demonstrate potent cytotoxicity 
and antitumor activity are known to effect their primary mode of action through an efficient 
inhibition of tubulin polymerization. 1 This class of compounds undergoes an initial interaction 
(binding) to the ubiquitous protein tubulin which in turn arrests the ability of tubulin to 

1 5 polymerize into microtubules which are essential components for cell maintenance and division. 2 
During metaphase of the cell cycle, the nuclear membrane is broken down and the cytoskeletal 
protein tubulin is able to form centrosomes (also called microtubule organizing centers) and 
through polymerization and depolymerization of tubulin the dividing chromosomes are 
separated. Currently, the most recognized and clinically useful members of this class of 

20 antimitotic, antitumor agents are vinblastine and vincristine 3 along with taxol. 4 Additionally, the 
natural products rhizoxin, 5 combretastatin A-4 and A-2, 6 curacin A, 1 podophyllotoxin, 7 
epothilones A and B, 8 dolastatin 10 9 and welwistatin 10 (to name just a few) as well as certain 
synthetic analogues including phenstatin, 11 the 2-styrylquinazolin-4(3H)-ones (SQO), 12 and 
highly oxygenated derivatives of cis- and fra/ts-stilbene 13 and dihydrostilbene are all known to 

25 mediate their cytotoxic activity through a binding interaction with tubulin. The exact nature of 
this binding site interaction remains largely unknown, and definitely varies between the series 
of compounds. Photoaffinity labeling and other binding site elucidation techniques have 
identified several key binding sites on tubulin: colchicine site, vinca alkaloid site, and a site on 
the polymerized microtubule to which taxol binds. 13,14 
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SUMMARY OF THE INVENTION 

An important basic and essential aspect of this work requires a detailed understanding, 
on the molecular level, of the "small molecule" binding domain of both the a and P subunits of 
tubulin. The tertiary structure of the a, P tubulin heterodimer was reported earlier this year by 
Downing and co-workers at a resolution of 3.7 A using a technique known as electron 
crystallography. 15 This brilliant accomplishment culminates decades of work directed toward the 
elucidation of this structure and should facilitate the identification of small molecule binding 
sites, such as the colchicine site, through techniques such as photoaffinity and chemical affinity 
labeling. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates 3-(3\ 4\ 5' - trimethoxybenzoyi)-2-(4 ? -methoxyphenyl)-6- 
methoxybenzo[Z?]thiophene. 

Figure 2 illustrates 2-(3\ 4', 5 , -trimethoxybenzoyl)-3-(4 , -methoxyphenyl)-6- 
methoxybenzo[&] furan. 

Figure 3 illustrates benzo[6]thiophene Phenol (BBT-OH). 
Figure 4 illustrates benzo[6]thiophene prodrug (BBT-P). 

Figure 5 illustrates in vivo biological data for benzo[6]thiophene prodrug (BBT-P). 
Figure 6 illustrates a synthetic route for preparation of phenylindole derivatives. 
Figure 7 illustrates a COSY NMR for 2 -phenyl indole (aromatic region) a compound 3 1 . 
Figure 8 illustrates a cyclized isomer without aryl migration (no evidence for its 
formation). 

Figure 9 illustrates a preparation of 2-phenylindole 31 in a one-pot reaction. 

Figure 10 illustrates a designed synthetic route for preparation of indole-based analog. 

Figure 1 1 illustrates a preparation of indole-based analog. 

Figure 12 illustrates a synthesis of indole-based disodium prodrug salt. 

Figure 13 illustrates another synthesis of indole-based disodium prodrug. 

Figure 14 illustrates another synthesis of indole-based disodium prodrug. 

Figure 15 illustrates a synthesis of indole based phosphoramidate prodrug. 

Figure 16 illustrates another synthesis of indole-based disodium prodrug salt. 

Figure 1 7 A illustrates a combretastatin A-4 pro-drug. 

Figure 17B illustrates a phosphoramidate analog 10. 
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Figure 18 illustrates a synthesis of phosphoramidate 10. 

Figure 19 illustrates a model system used for phosphoramidate synthesis. 

Figure 20 illustrates a synthesis of phosphoramidate 10 from from (Z)-3 , -nitro 
combrestastatin analog 7B. 

Figure 21 illustrates substituted 4-methoxyindole amines and/or phenols. 

Figure 22 illustrates substituted 4-methoxyindole phosphate ester moieties and 
phosphoramidates . 

Figure 23 illustrates further substituted 4-methoxyindole phosphate ester moieties and 
phosphoramidates. 

Figure 24 illustrates substituted 6-methoxyindole amines and/or phenols. 

Figure 25 illustrates substituted 6-methoxyindole phosphate ester moieties and 
phosphoramidates. 

Figure 26 illustrates substituted 6-methoxyindole phosphate ester moieties and 
phosphoramidates . 

Figure 27 illustrates substituted 4-methoxy-3-arylindole amines and/or phenols. 
Figure 28 illustrates substituted 4-methoxy-3-arylindole phospate moieties and 
phosphoramidates. 

Figure 29 illustrates further substituted 4-methoxy-3-arylindole phospate moieties and 
phosphoramidates. 

Figure 30 illustrates 2-(4'-Methoxyphenyl)-3-(3'\ 4", 5"-trimethoxybenzoyl)-4- 
methoxyindole. 

Figure 31 illustrates 2-(3\ 4\ 5'-Trimethoxybenzoyl)-3-(4 5, -methoxyphenyl)-6- 
methoxyindole. 

Figure 32 illustrates 2-(3\ 4\ 5'-Trimethoxybenzoyl)-3-(4 ,, -methoxyphenyl)-4- 
methoxyindole. 

Figure 33 illustrates Disodium 2-(3 '-phosphoramidate-4'-methoxyphenyl)-3-(3", 4", 5"- 
trimethoxybenzoyl)-6-methoxyindole. 

Figure 34 illustrates 2-(3 '-Hydroxy-4'-methoxyphenyl)-3-(3" 4", 5"-trimethoxybenzoyl)- 
4-methoxyindole. 

Figure 35 illustrates 2-(3 '-Amino-4'-methoxyphenyl)-3-(3", 4", 5' -trimethoxybenzoyl)- 
4-methoxyindole. 
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Figure 36 illustrates Disodium 2-[(4'-methoxyphenyl)-3'-0-phosphate]-3-(3'\ 4", 
5"trimethoxybenzoyl)-4-methoxyindole. 

Figure 37 illustrates 2-(3 , -Diethylphosphoramidate-4'-methoxyphenyl)-3-(3 ,, ) 4", 5"- 
trimethoxybenzoyl)-4-methoxyindole. 
5 Figure 38 illustrates Disodium 2-(3 '-phosphoramidate^'-methoxyphenyl^-Q", 4", 5"- 

trimethoxybenzoyl)-4-methoxyindole. 

Figure 39 illustrates 2-(3^4^5 , -trimethoxybeIl2oyl)-3-(3 M -hydroxy^ ,f -methoxyphenyl)-6- 
methoxyindole. 

Figure 40 illustrates 2-(3^4\5 , -trimethoxyben2oyl)-3-(3 M -amino-4 l, -methoxyphenyl)-6- 
1 0 methoxyindole. 

Figure 41 illustrates Disodium 2-(3 t ,4^5 , -t^imethoxybenzoyl)»3-[(4 ,, -methoxyphenyl-3 ,, - 
0-phosphaie)j-6-methoxyindoie. 

Figure 42 illustrates 2-(3^4^5 , -trimethoxybeIlzoyl)-3-[(4 ,, -methoxyphenyl-3 ,, - 
diethylphosphoramidate)]-6-methoxyindole. 
1 5 Figure 43 illustrates Disodium 2-(3\4\5 , -trimethoxybenzoyl)-3-[(4 ,, -methoxyphenyl-3 ,t - 

phosphoramidate)] -6-methoxyindole. 

Figure 44 illustrates 2-(3^4^5 , -trimethoxybenzoyl)-3-(3 M -hydroxy-4 M -methoxyphenyl)-4- 
methoxyindole. 

Figure 45 illustrates 2-(3\4^5 f -trimethoxybenzoyl)-3-(3 , '-amino-4 ,, -methoxyphenyl)-4- 
20 methoxyindole. 

Figure 46 illustrates Disodium 2-(3\4\5 , -trimethoxybenzoyl)-3-[(4 tf -methoxyphenyl-3 n - 
0-phosphate)]-4-methoxyindole. 

Figure 47 illustrates 2-(3^4 , ,5 , -trimethoxybenzoyl)-3-[(4 M -methoxyphenyl-3 , - 
diethylphosphoramidate)]-4-methoxyindole. 
25 Figure 48 illustrates Disodium 2-(3 , ,4 r ,5 , -trimethoxybenzoyl)-3-[(4 ,, -methoxyphenyl-3 M - 

phosphoramidate)]-4-methoxyindole. 

Figure 49 illustrates substituted 3-phosphoramidate derivatives of combretastatin A-4. 
Figure 50 illustrates Disodium (Z)-l-[(4 , -methoxyphenyl)-3 ? -phosphoramidate]-2- 
(3",4 ,, ,5"-trimethoxyphenyl)ethene 
30 Figure 51 illustrates substituted 3-phosphoramidate salts of combretastatin A-4. 
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DETAILED DESCRIPTION OF THE INVENTION 

We have developed a working hypothesis suggesting that the discovery of new 
antimitotic agents may result from the judicious combination of a molecular template (scaffold) 
which in appropriately substituted form (ie. phenolic moieties, etc.) interacts with estrogen 
5 receptor (ER), suitably modified with structural features deemed imperative for tubulin binding 
(arylalkoxy groups, certain halogen substitutions, etc.). The methoxy aryl functionality seems 
especially important for increased interaction at the colchicine binding site in certain analogs. 16 
Upon formulation of this hypothesis concerning ER molecular templates, our initial design and 
synthesis efforts centered on benzo [6]thiophene ligands modeled after raloxifene, the selective 

10 estrogen receptor modulator (SERM) developed by Eli Lilly and Co. 17 Our initial studies 
resulted in the preparation of a very active benzo[6]thiophene-based antitubulin agent. 1821 In 
further support of our hypothesis, recent studies have shown that certain estrogen receptor (ER) 
binding compounds as structurally modified estradiol congeners (2-methoxyestradiol, for 
example) interact with tubulin and inhibit tubulin polymerization. 22 Estradiol is, of course, 

15 perhaps the most important estrogen in humans, and it is intriguing and instructive that the 
addition of the methoxy aryl motif to this compound makes it interactive with tubulin. It is also 
noteworthy that 2-methoxyestradiol is a natural mammalian metabolite of estradiol and may play 
a cell growth regulatory role especially prominent during pregnancy. 

The design premise that molecular skeletons of traditional estrogen receptor (ER) binding 

20 compounds can be modified with structural motifs reminiscent of colchicine and combretastatin 
A-4 to produce inhibitors of tubulin polymerization has been validated by the benzo[£]thiophene 
and benzol[6]furan classes of new antimitotic agents. 18 " 21 The lead compounds in each series 
(Figures 1 and 2), demonstrate remarkable biological activity against a variety of human cancer 
cell lines. For example, the 3,4,5-trimethoxybenzo[Z>]thiophene (Fig. 1) demonstrates potent 

25 cytotoxicity and inhibition of tubulin polymerization. In the NCI 60 cell line panel, 23 this 
compound produces a mean panel Gl 50 = 2.63 x lO' 7 M (see Table I). 

Inhibition of tubulin polymerization by 3-(3\ 4\ 5' - trimethoxybenzoyl)-2-(4- 
methoxyphenyl)-6-methoxybenzo[6]thiophene.- 50% inhibition of the maximum tubulin 
assembly rate with 1.1 \xM drug same assay with conbretastatin A-4 gives a value of 0.73 jaM. 

30 Human cancer cell line studies (in vitro) by 3-(3\ 4', 5* - trimethoxybenzoyI)-2-(4 f - 

methoxyphenyl)-6-methoxybenzo[6]thiophene. 
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Table I. Inhibition of tubulin polymerization by 2-(3\ 4', 5 , >trimethoxvbenzovl)-3-(4'- 
methoxyphenylV6-methoxybenzo[fe1furan. IC50 = 2.1 pM (totally flat at 4 pM). 

Human cancer cell line studies (in vitro) by 2-(3\ 4\ 5'-trimethoxvbenzovlV3-(4'- 
methoxvphenvlV6-methoxvbenzo[l>]furan. 



10 



Type of Cancer Cell Line 

Pancreas - adn 

Neuroblast 

Thyroid ca 

Lung-NSC 

Phaiynx-sqarn 

Prostate 



Cancer Cell Line 
BXPC-3 
SK-N-SH 
SW1736 
NCI-H460 
FADU 
DU-145 



_GI 50 fuglmL) 

0.03 8 

0.025 

0.047 

0.041 

0.03 5 

0.062 



In addition, the phenolic derivative of the 3,4-5-trimethoxybenzo[6]thiophene compound 
(figure 3) has pronounced cytotoxicity and demonstrates outstanding inhibition of tubulin 
polymerization 36 and the pro-drug disodium phosphate salt form of this compound (Figure 4) 
1 5 demonstrates in vitro and in vivo cytotoxicity as a vascular targeting and destruction agent 
(which includes a component of tubulin binding (phenolic form of drug) 36, 37 and subsequent 
inhibition of tubulin polymerization). 

Initial in vivo studies are very encouraging (see Figure 5). Female scid mice were single 
dose ip administered with CA-4P, and benzo[Z>]thiophene phosphate prodrug at 400mg/kg (i.e. 
20 MDT of CA-4P) after one week of MHEC inoculation (1 x 10" 6 /mouse). Studies were carried 
out through a collaboration with Professors Ronald W. Pero and Klaus Edvardsen, University 
of Lund, Sweden (Note: PbT Prodrug 20 is the same compound that is referred to as BBT-P). 

Based on these promising research results, our interest in designing an indole 
based antimitotic agent was initiated, and a synthetic route (Schemes 1 -4, see Figures 3 A-D) was 
25 designed according to the synthesis of the benzo[6]thiophene derivatives. 

The possibility clearly exists that some of the new indole-based ligands described herein, 
which are structurally related to combretastatin A-4, may also function through additional 
biological mechanisms involving anti-angiogenic activity. Clearly the ability to selectively 
disrupt the blood-flow to developing tumor cells is a potential breakthrough in the ever up-hill 
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battle against cancer. Certain phenylindoles have been noted for inhibiting tubulin 
polymerization. 27 

A typical synthesis of indole-based ligand 33 is shown in Figures 6, 9, and 1 1 . Secondary 
amine 30 was prepared by treatment of /w-anisidine and 2-bromo-4methoxyacetophenone under 
5 basic condition (ethanolic potassium hydroxide) at 0°C. Treatment of amine 30 with PPA 
resulted in the formation of two regioisomers. These isomers have poor solubility in EtOAc, 
CH 2 C1 2 and EtOH. Indole 31 was purified (from indole 32) by trituration in acetone. The 
structure of this isomer was confirmed by NMR analysis. COSY NMR was taken in order to 
study, in detail, the coupling relationship between the protons. The enlarged COSY spectrum for 

10 the aromatic region of ligand 31 is shown in Figure 5. This COSY NMR spectrum, shows a 
strong coupling between H a and H b which each appear as a doublet. H c is coupled by the proton 
attached to the nitrogen into a small doublet. H d is coupled only by H e into a corresponding 
doublet, while H c is coupled both by an ortho coupling (H d ) and by a meta coupling (H f ) into a 
doublet of doublet pattern. H f is coupled by H e into a doublet. Further evidence of the formation 

1 5 of 2-phenyl indole 3 1 is the chemical shift of the proton H c on the ring which contains nitrogen. 
Though computer modeling (ChemDraw Ultra 4.5), the theoretical chemical shift value of 6.4 
ppm is predicted for proton H c (at the 3 position), which matches the peak shown in the actual 
NMR spectrum at 6.6 ppm. For the case where the proton is at the 2 position (Figure 8), the 
chemical shift is predicted to be 7.03 ppm, which does not match any peak in the spectrum that 

20 was obtained. Based collectively on these studies, the formation of isomer 3 1 is confirmed, and 
the migration of the methoxyphenyl system is evidenced. The other isomer (indole 32) is soluble 
in acetone and is much more difficult to obtain in pure form (see Figure 6). 

Alternatively, another synthetic methodology can also be applied to the preparation of 
the desired 2-phenylindole. In 1984, Angerer and co-workers reported the synthesis of 

25 2-phenylindoles in a one-pot reaction sequence (Figure 9) as a route toward the development of 
new therapeutic agents for the treatment of endocrine disorders. 25 

Following this procedure (Figure 9), two arylindole regioisomers were obtained in good 
yield. Recrystallization in EtOH afforded the desired isomer, 2-phenylindole 31, as a white 
crystalline material. 

30 In order to synthesize the indole-based analog 33, Friedel-Crafts acylation was carried 

out by treating indole 31 with 3,4,5-trimethoxybenzoyl chloride in the presence of the 
Lewis- Acid A1C1 3 ( Figure 1 0). The reaction did not work under the regular conditions and only 
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starting material was obtained following work-up. Attempts to modify the reaction conditions 
by increasing the reaction temperature or using other Lewis Acids, such as TiCl 4 , proved futile 
as well. Starting material was recovered in all cases. One possible explanation for this result is 
the fact that the nitrogen atom (containing a lone pair of electrons and an acidic proton) may 
5 disrupt the acylation process. According to this analysis, a Grignard reagent (ethylmagnesium 
bromide) was used to protect this nitrogen prior to the Friedel-Crafis acylation step. Still, only 
starting material was obtained following the reaction. Therefore, a new synthetic approach was 
brought into this study. 

In 1977, Inion and co-workers reported the synthesis of a variety of 

1 0 aminoalkoxy4-benzoyl-3 -indoles. 26 The benzoate indole product was prepared by treatment of 
indole with the appropriate benzoyl chloride with heating (130-1 50°C). HC1 is generated under 
these conditions. A similar synthetic approach was used in the synthesis of the desired 
trimethoxybenzoate indole ligand 33 (Figure 11). 

The precursor, indole 31, was mixed with trimethoxybenzoyl chloride. Since both 

15 reagents are solid, a solvent with a high boiling point was needed. 1 ,2-dichlorobenzene was 
chosen in this case since it has a boiling point of 1 80°C. Under these condition, indole 33 was 
obtained in moderate yield following purification by flash column chromatography and 
recrystallization. NMR spectroscopy suggests that the structure of indole 33 is that indicated in 
Figure 11. 

20 Based on promising results obtained with benzo[Z>]thiophene and benzofuran analogs, the 

preparation of phosphate salts is detailed in Figures 12-14, the preparation of analogs is detailed 
in Figures 15-16 and the preparation of similar indole-based phosphate prodrug salts and 
phosphoramidate derivatives is detailed in Figures 21-51. 

In addition to the phosphate ester prodrugs that are described in this application for 

25 indole-based anti-mitotic agents, we have also discovered that phosphorous based prodrug 
derivatives of the nitrogen analog of combretastatin A-4 (C A-4) may have therapeutic advantages 
as selective tumor vasculature destruction agents. These compounds are primarily 
phosphoramidate derivatives and related phosphate dianions that are assembled on the 3^Eamino 
substituent of the nitrogen analog of CA-4. Although we describe two specific compounds and 

30 several obvious analogs, it should be apparent to anyone skilled in the art, that there are 
numerous other nitrogen phosphorous bond designs that might be assembled from the 
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3-amino-combretastatin A-4 structure and that would display similar functionality as prodrugs 
for the selective destruction of tumor vasculature. 

Further significance is given to new drugs that bind to the colchicine site since it has 
recently been shown that combretastatin CA-4 also demonstrates anti-angiogenesis activity. 24 An 
emerging area of cancer chemotherapy centers on the development of both anti-angiogenesis 
drugs which disrupt the new microvessel formation of developing tumors and vascular targeting 
and destruction agents which selectively target the vasculature of tumor cells while leaving 
healthy cells intact. Combretastatin CA-4P prodrug (Figure 17 A) is one of the leading new 
candidates from among a relatively small collection of known world compounds which display 
this vaxcular targeting. Discovered by Professor George R. Pettit (Arizona State University) from 
a willow tree (combretum caffrum) in South Africa in the 1 970s, this compound is currently 
undergoing phase I clinical evaluation sponsored and licensed by OXiGENE, Inc. 

Combretastatin A-4 (CA-4) is a potent inhibitor of tubulin polymerization which binds 
to the colchicine site on p-tubulin. Interestingly, CA-4 itself does not demonstrate destruction 
of tumor vasculature, while CA-4 prodrug is very active in terms of tumor vasculature 
destruction. It is very likely that the phosphate ester portion of the prodrug undergoes 
dephosphorylation (perhaps through the action of endothelial alkaline phosphatases) selectively 
at sites of enhanced vascularization to reveal the potent CA-4 itself which destroys the tumor cell 
through an inhibition of tubulin polymerization. The dephosphorylation event takes place 
selectively at tumor cells since tumor cells represent sites of prolific vascularization and alkaline 
phosphatases appear to be present at elevated concentrations in the endothelial cells lining tumor 
vasculature. This need for enhanced vascularization is not necessary for healthy cells. Hence, 
this dual-mode reactivity profile is clearly important in order to target tumor cells selectively 
over healthy cells. This is a proposal which has been advanced by Professor Ronald Pero 
(OXiGENE, Inc., University of Lund) for which a variety of strong evidence has been obtained. 

Based in part on the good and promising biological results obtained for the 3'-nitrogen 
analogs of combretastatin A-4, a phosphoramidate analog has been prepared as a new 
combretastatin A-4 nitrogen prodrug (Figure 17B). 

Phosphoramidate 1 0 below was obtained following the procedure reported by Taylor and 
coworkers for unrelated aryl amines. 28 Treatment of arylamine 7B with diethylchiorophosphite 
in anhydrous ether followed by oxidation with m-CPBA produced the phosphoramidate 10 in 
moderate yield (Figure 18). 
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A previous attempt in the synthesis of the phosphoramidate analog 10 utilized the 
methodology reported by Bilha Fisher and Larisa Sheihet. 29 This methodology presents a 
phosphoramidate intermediate, which can be isolated from the reduction of nitro aryl compounds 
to the corresponding aryl amines using diethylchlorophosphite as a biphilic reagent. The 
(Z)-nitro combretastatin analog 7B was considered a viable starting material for the synthesis of 
the phosphoramidate prodrug 10. This reaction was also tried using 
(Z)-l-(3 , ,4 , ,5 , -trimethoxyphenyl)-2-(4"-nitrophenyl)ethene (synthesized in a similar manner as 
the other combretastatin containing analogs reported previously) as a model system (Figure 1 9). 
In neither case was the phosphoramidate product observed. It is thought that the presence of 
methoxy groups as strong electron donating substituents on the stilbene system disfavors the 
reaction (Figure 20). 

It should be obvious to anyone skilled in the art of phosphate of phosporamidate 
chemistry that there are numerous other synthetic methods which can be employed to prepare 
phosphoramidates (such as 10) and their related salts (-NHP0 3 " 2 2Na + ). 



Table II. 0 In vitro Human Cancer Cell Line Study of Phosphoramidate Analog 10. GI 5 0 , TGL 
and LC 5 0 are reported as concentrations in \iz/mL ND = Not determined 



Cell Type 


Cell Line 


GI 50 


TGI 


LC 50 


Pancreas-a 


BXPC-3 


1.5 x 10" 1 


5.7 x 10 1 


>10 


Ovarian 


OVCAR-3 


1.9 x 10 1 


8.6 x 10-' 


>10 


CNS 


SF-295 


2.4 x 10-' 


>10 


>10 


Lung-NSC 


NCI-H460 


3.5 x 10- 1 


>10 


>10 


Colon 


KM20L2 


2.8 x 10-' 


6.1 x 10' 


>10 


Prostate 


-DU-145 


2.6 x 10' 1 


2.6 x 10-' 


>10 


Leukemia 


P388 


3.1 x 10-' 


ND 


ND 



Biological evaluation (in vitro) suggests that the phosphoramidate prodrug 10 is less 
effective than the corresponding amine 8 (Table II). Pettit and co-workers reported a similar loss 
in biological activity in vitro for the phosphate prodrugs of combretastatin A-4 and phenstatin 
compared to the original compounds (Table HI). 31 These results might be explained by the 
bulkiness of the phosphorous group and its steric hindrance toward binding site recognition. In 



:IL O O 7 V O «+S «+ . A O A A Q S 
WO 01/19794 PCT/US00/25408 

11 

fact, Pettit and co-workers reported no inhibition of tubulin polymerization with the 
combretastatin prodrug while only a 40% activity is present for the phenstatin prodrug compared 
to phenstatin. The IC 50 values for inhibition of tubulin polymerization are 1 .2 ± 0. 1 j±M for CA-4, 
>80 (iM for CA-4 prodrug, 1 .0 ± 0.2 |iM for phenstatin and 21 ± 3 yiM for phenstatin prodrug; 
5 similar results are expected for the amino-CA-4 8 and the phosphoramidate 10. 31 The IC 50 for 
the amino-CA-4 8 is 1.2 ± 0.02 jaM, and the phosphoramidate 10 has little if any activity. 32 

Table III. Comparative GI 5 ? Values Against Human Cancer Cell Lines for Amine-CA-4 8. 
Amine-C A-4 Prodrug 1 0, Phenstatin. Phenstatin Prodrug and Combretastatin A-4 Prodrug. GI 5 0 , 
values are reported as concentrations in }ig/mL ND = Not determined/ Data obtained in 
10 collaboration with Dr. George R. Pettit , 30b Data obtained from synthesis of phenstatin phosphate. 



Cell Type 


Cell -Line 


Amine-CA-4 8 a 


Amine-CA-4 
Prodrug 10 a 


Phenstatin 


Phenstatin 
Prodrug 6 


Combretastatin 
A-4 Prodrug 6 


Ovarian 


OVCAR-3 


ND 


1.9 x \0 l 


2.3 x 10° 


2.5 x 10- 3 


2.3 x 10" 2 


CNS 


SF-295 


ND 


2.4 x 10" 1 


5.2 x 10" 2 


1.2 x lO" 2 


3.6 x 10' 2 


Lung-NSC 


NCI-H460 


6.8 x 10"» 


3.5 x 10-' 


5.7 x 10' 3 


3.5 x 10 2 


2.9 x 10 2 


Colon 


KM20L2 


ND 


2.8 x 10'* 


4.0 x 10- 4 


2.7 x 10" 1 


3.4 x 10" 1 



In terms of in vivo systems, phosphoramidate analog 1 0 is able to provide a more soluble 
compound than the amine 8, thereby incrementing its bioavailability. Under, in vivo biological 
conditions, the P-N bond can be broken by serum phosphatases releasing the amine which can 
inhibit tubulin polymerization in a manner analogous to combretastatin 



20 Anti-Angiogenesis 

The growth of a tumor depends on the generation of blood vessels which will provide all 
the metabolites required during cell division. The development of anti-angiogenic compounds 
is especially useful in the treatment of solid tumors, since these compounds have the potential 
capability of selectively disrupting the vasculature of tumor cells while leaving healthy cells in 

25 a viable situation. The combretastatin A-4 prodrug has demonstrated anti-angiogenic activity 
since small doses of the drug are toxic to tumor vasculature. 34 Enhanced cytotoxic activity was 
observed against endothelial cells associated with the tumor vasculature of cancerous cells, while 
at the same time it was reported to have no effect against other endothelial cells which are 
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located distant from the tumor itself. 34, 35 The mechanism of action of combretastatin A-4 
prodrug, as an anti-angiogenic drug for cancer treatment, is under investigation because the 
development of blood vessels is crucial for the survival and growth of solid tumors. One 
proposed mechanism for anti-angiogenesis involves induction of apoptosis (cell suicide) of the 
5 cells instead of necrosis. An evaluation of the ability of the new phosphoramidate 1 0, along with 
structurally similar compounds, to induce apoptosis of endothelial cells will be undertaken in the 
near future. 

Synthesis of the Phosphoramidate Analog 

( ZV1 -f S^Diethvlphosphoramidate^-methoxvphenvn^-n". 4". 5"-trimethoxyphenvnethene 1 0. 

Diethylchlorophosphite (0.103 g, 0.66 mmol) was dissolved in anhydrous diethyl ether 
(2.5 ml) and cooled to =78 °C. Diisopropylethyl amine (0.187 g. 1.45 nirrioi) was dissolved in 
EtjO (1.0 ml) and added slowly over a period of 2 mm to the reaction mixture by syringe. 
Amino-stilbene 8 was dissolved in Et 2 0 (1.0 mL) and added slowly to the reaction mixture by 
syringe. The reaction mixture was stirred under nitrogen at -78 °C for 2 hours, followed by 
stirring for 1 hour at room temperature. The mixture was filtered, and the solvent was removed 
under reduced pressure. A yellow oil was obtained which was dissolved in dry CH 2 C1 2 (5 mL). 
The oil was cooled to -40°C and a solution of m-CPBA (0.193 g, 1.12 mmol) in CH 2 C1 2 (5 mL) 
was added. It was stirred over one hour at room temperature. After this time, the reaction mixture 
was cooled to -40 °C and filtered through a sintered glass funnel. The liquid was collected with 
vigorous stirring over sodium sulfite (5%) (20 ml) in order to quench the reaction. The product 
was isolated by extraction with CH 2 C1 2 , and washed with a saturated solution of NaHC0 3 . The 
yellow oil which was obtained was dried over MgS0 4 . Purification by flash chromatography 
(70/30, hexanes/EtOAc) afforded the phosphoramidate 10 as a yellow oil (0. 130 g, 0.29 mmol, 
44%). 

25 'H-NMR (CDC1 3 , 360 MHz) 6 7. 12 (dj= 1.9 Hz, IH, AtH), 6.88 (dd, 7= 8.4 Hz, 2.0 Hz, 

lH y AtH), 6.72 (dd, J= 8.4 Hz, 1.7, IH, AiH), 6A9 (s, 2H, ArH), 6.51 (d, J= 12 .1 Hz, IH, vinyl 
CH), 6.41 (d,y= 12.1 Hz, IH,vinyl C#), 5.67 (d 9 J= 10.0 Hz, Ni/), 4.02 (m, 4H, CH 2 ), 3.83 (s, 
3 H, OCH3), 3.83 (s, 3 H, OC 3 ), 3.68 (s, 6 H, OCH 3 ), 1.25 (t, 6 H, J= 7.1 Hz, CH 3 ). 
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13 C-NMR (CDCI3, 90 MHz) 6 152.7, 146.7, 146.6, 137.0, 132.7, 130.3, 129.7, 129.1, 
129.0, 122.0, 117.0, 109.9, 106.0, 62.8, 60.7, 55.7, 16.1. 

3, P-NMR (CDCI3, 145 MHz) 6 0.84. 

HRMS (EI) M+ calcd for C 22 H 30 N0 7 P 45 1 . 1 760, found 45 1 . 1 765 . 
5 Example 1 

SYNTHESIS OF THE INDOLE-B ASED ANTI-TUB ULIN AGENTS 

Preparation of 2-Phenyl Indole 3 1 
Method I (2 steps): 

To a well-stirred solution of KOH (0.926 g, 1 6.5 mmol) in EtOH (1 8 ml) and H 2 0 (9 ml) 
10 at rt was added /w-anisidine (2.192 g, 17.80 mmol) by syringe. The solution was then stirred at 
0°C. After 10 min, the solution of 2-bromo-4-methoxyacetophenone (4.09 g, 17.80 mmol) was 
added dropwise with an addition funnel over a 40 minute period. After 24 h, 0°C to it, water was 
added. The product was isolated by extraction (I H HCI, NaHC03, brine, MgS04). The product 
was purified by recrystallization (50:50 EtOAc:hexanes) to afford secondary amine 30 (2.46 g, 
1 5 9.07 mmol, 52%) as yellow solid. 

'H NMR (CDCI3): 5 7.98 (2H, D, J = 8.9 Hz), 7. 12 (IH, t, J 8.1 Hz), 6.97 (2H, d, J 8.9 
Hz), 6.30 (3H, m), 4.54 (2H, s), 3.88 (3H, s), 3.79 (3H, s). 

Polyphosphoric acid (PPA) was charged to around-bottom flask and the temperature was 
raised to 80°C with vigirous stirring. To this flask was added the foregoing amine 30 (4.0 g, 
20 14.74 mmol) in 6 portions over a 30 minute period. After 2 h, 80°C to 90°C, water was added. 
The product was isolated by extraction ( EtOAc, NaHC0 3 , brine, MgS0 4 ). Purification by 
recrystallization (acetone) afforded indole 31(0.544 g, 2.15 mmol, 15%) as a pale yellow solid. 

'H NMR (CDCI3): 6 1 1.24 (IH, br, s), 7.72 (2H, d, J 8.82 Hz), 7.36 (IH, d, J= 8.57 Hz), 
7.00 (2H, d, J= 8.84 Hz), 6.85 (IH, d, J = 2.07 Hz), 6.66 (IH, d, J= 1.66 Hz), 6.63 (IH, dd, J 
25 8.59, 2.28 Hz), 3.78 (3H, s), 3.77 (3H, s). 
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,3 C NMR (CDC1 3 ): 8 158.15, 155.22, 137.44, 136.33, 125.60, 124.93, 122.82, 120.04, 
114.07, 109.00, 96.97, 94.01, 54.93, 54.88. 

Method 2(1 step): 

To a boiling mixture of in-anisidine (1 .56 ml, 20.0 minol) and N,AT-dimethylaniline (3.5 
5 ml) was added 2-bromo-4-methoxyacetophenone (1.37 g in EtOAc, 6.00 mmol) slowly by 
syringe. After addition, the mixture was kept at 170° C for 1 hour. The reaction mixture was 
cooled to room temperature and a dark colored solid was formed. EtOAc was added along with 
HCI (2 N). The aqueous layer was extracted with EtOAc several times. The combined organic 
layers were washed with brine, and dried over MgS0 4 . Solvent was removed under the reduced 
1 0 pressure to afford a dark brown colored solid. Purification by recrystallization in EtOH afforded 
indole 31 as a white crystalline material. 

'H NMR(CDC1 3 ): 6 1 1 .24 (IH,br,s),7.72(2H,d, J 8.82 Hz), 7.36 (IH,d, J 8.57 Hz),7.00 
(2H,d,y = 8.84 Hz), 6.85 (IH, d, J= 2.07 Hz), 6.66 (IH, d, J= 1 .66 Hz), 6.63 (IH, dd, J 8.59, 2.28 
Hz),3.78 (3H, s), 3.77 (3H, s). 

15 13 C NMR (CDCI3): 6 158.15, 155.22, 137.44, 136.33, 125.60, 124.93, 122.82, 120.04, 

114.07, 109.00, 96.97, 94.01, 54.93, 54.88. 

Melting Point: 208-229.5 °C 

HRMS (El) M+ calcd for CH 16 N0 2 253.3035, found 253.1060. 



Preparation of Trimethoxybenzoate 2-Phenylindole 33 

20 To a well stirred solution of indole 31(0.502 g, 1.98 mmol) in o.dichlorobenzene (10 ml) was 
added trimethoxybenzoylchloride (0.692 g, 3.00 mmol). The reaction mixture was heated to 
reflux for 12 hours. Solvent was removed by distillation under reduced pressure. After cooling 
down to room temperature, a dark solid formed which was dissolved in chloroform and purified 
by silica gel column chromatography with chloroform as the eluent. The collected mixture was 

25 again purified by column chromatography (50:50 hexanes:EtOAc) affording trimethoxybenzyl 
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indole 33 (0.744 g, 1 .66 mmol, 84%) as a yellow oily gel. Pale yellow-green crystals were 
obtained by recrystallization from a mixture of ethanol and hexanes. 

'H NMR (CDC1 3 ): 6 8.63 (IH, br, s), 7.88 (IH, d, J= 9.39 Hz), 7.24 (2H, d, J= 8.78 Hz), 
6.95(2H, s), 6.90 (2H, m), 6.71 (2H, d,J= 8.79 Hz), 3.86 (3H, s), 3.80 (3H, s), 3.73 (3H, s), 3.68 
5 (6H, s); 

13 C NMR (CDC1 3 ): 6 192.23, 159.73, 157.06, 152.42, 142.85, 141.01, 136.41, 134.65, 
130.16, 124.28, 122.94, 122.17, 113.67, 112.46, 111.52, 107.24, 94.54, 60.78, 55.92, 55.54, 
55.14. 

Melting Point: 153-155°C 
10 Anal. Calcd for C 26 H 25 N0 6 : C, 69.79; H, 5.63; H, 3.13. Found: C, 69.61 ; H, 5.63; N, 3.01 . 

EXAMPLE 2 

INHIBITION OF TUBULIN POLYMERIZATION ASSAY 

IC 50 values for tubulin polymerization were determined according to the procedure 
described in Bai et al. Purified tubulin is obtained from bovine brain cells as described in Hamel 

1 5 and Lin. Various amounts of inhibitor were preincubated for 1 5 minutes at 37 ° C with purified 
tubulin. After the incubation period, the reaction was cooled and GTP was added to induce 
tubulin polymerization. Polymerization was then monitored in a Gilford spectrophotometer at 
350 nm. The final reaction mixtures (0.25 ml) contained 1.5 mg/ml tubulin, 0.6 mg/ml 
microtubule-associated proteins (MAPs), 0.5 mM GTP, 0.5 mlM MgCl 2 , 4% DMSO and 0.1 M 

20 4-morpholineethanesulfonate buffer (MES, pH 6.4). IC 50 is the amount of inhibitor needed to 
inhibit tubulin polymerization 50% with respect to the amount of inhibition that occurs in the 
absence of inhibitor. The IC 50 value determined for 3 -(3' ,4' ,5' -trimethoxybenzoyl)-2-(4' 
-methoxyphenyl)-6-methoxyindole was 0.5-1.5 uM. 



A O O! 7 O Ml-S ■+ . :IL O ± A O H 
WO 01/19794 PCT/US00/25408 

16 

EXAMPLE 3 

CYTOTOXIC ASSAY WITH P388 LEUKEMIA CELLS 

One of the newly prepared compounds was evaluated for cytotoxic activity against P388 
leukemia cells using an assay system similar to the National Cancer Institute procedure described 
5 below and in Monks et al. The ED50 value (defined as the effective dosage required to inhibit 
50% of cell growth) of 3-(3 , ,4 f > 5 , trimethoxybenzoyl)-2-(4 , -methoxyphenyl)-6-methoxyindole 
was found to be 0.0133 |ig/mL. 

EXAMPLE 4 

GROWTH INHIBITORY ACTIVITY AGAINST OTHER 

1 0 CANCER CELL LINES 

3 -(3' ,4* ^-Trimethoxybenzoyl)^-^' =methoxyphenyl)-6-niethoxy indole was evaluated 
in terms of growth inhibitory activity against several human cancer cell lines, including pancreas, 
ovarian, CNS, lung-NSC, colon, and prostate lines. The assay used is described in Monks et al. 
Briefly, the cell suspensions, diluted according to the particular cell type and the expected target 

15 cell density (5,000-40,000 cells per well based on cell growth characteristics), were added by 
pipet (100 ^il) to 96-wellmicrotiter plates. Inoculates were allowed a preincubation time of 24-28 
hours at 37 °C for stabilization. Incubation with the inhibitor compounds lasted for 48 hours in 
5% C0 2 atmosphere and 100% humidity. Determination of cell growth was done by in situ 
fixation of cells, followed by staining with a protein-binding dye, sulforhodamine B (SRB), 

20 which binds to the basic amino acids of cellular macromolecules. The solubilized stain was 
measured spectrophotometrically. The results of these assays are shown in Table 1. Gl 50 is 
defined as the dosage required to inhibit tumor cell growth by 50%. 
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Table IV. Activity of Indole Ligand Against Selected Human Cancer Cell lines (In Vitro). 



Indole-based Ligand 33 


CELL TYPE 


CELL LINE 


GI S0 (uG/mL) 


Pancreas-a 


BXPC-3 


2.0 x 10 3 


Ovarian 


OVCAR-3 


2.4 x 10" 3 


CNS 


SF-295 


2.4 x 10° 


Lung-NSC 


NCI-H460 


2.6 x 10° 


Colon 


KM20L2 


1.7 x 10" 3 


Prostate 


DU-145 


2.3 x 10- 3 



1 0 Indole and indole containing compounds of therapeutic efficacy have been known for 

many, many years. What is truly unique about the indole compounds described in this application 
is the fact that these compounds are the first (to the best of our knowledge) indole-based ligands 
to incorporate the 3 ,4,5 -trimethoxyaryl motif reminiscent of colchicine and combretastatin A-4 
arranged in an appropriate molecular conformation such that a pseudo aryl-aryl pi stacking 

1 5 interaction can take place. It is our contention that such an aryl-aryl interaction of the appropriate 

Q 

centroid-to-centroid distance (approximately 4.7 A) is imperative for enhanced binding affinity 
to the colchicine site on fJ-tubulin. It is this binding that ultimately leads to an inhibition of 
tubulin polymerization which manifests itself as a cytotoxic event. It should be readily apparent 
to any practitioner skilled in the art that there are various ways of appending trimethoxyaryl and 

20 trimethoxyaroyl groups around an indole molecular scaffold in a manner which will result in a 
similar molecular conformation capable of undergoing pseudo pi-pi stacking. In addition, 
although the trimethoxyaryl motif seems optimal for enhanced tubulin binding, it is also very 
possible that another combination of alkoxy substituents (such as ethoxy, propoxy, isopropoxy, 
allyloxy, etc.) either as a trisubstituted pattern or as disubstituted (with one type of alkoxy 

25 moiety) and monosubstituted (with a different alkoxy moiety), or with three distinct types of 
alkoxy moieties may also have good tubulin binding characteristics. It is also conceivable that 
instead of having aryl alkoxy groups, it may be possible to substitute simply aryl-alkyl and 
aryl-alkenyl moieties and still maintain the enhanced cytotoxicity profile. Phenolic groups may 
also have activity on these described indole ligands. The synthesis of any of these modified 
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indole-ligands will be very straight-forward for anyone skilled in the art, and often will only 
involve a different choice of initial starting materials. To prepare these alternative ligands, the 
same synthetic schemes (Figures 6, 9, 11, 12-16), or similar schemes with only slight 
modifications may be employed. In previous studies with the benzo[Z>]thiophene ligands, we 
5 have demonstrated that the carbonyl group can be replaced with an oxygen to generate a new 
compound which maintains the same or similar biological efficacy with tubulin. Similarly, the 
replacement of the carbonyl group in the described indole ligand may be replaced with an oxygen 
atom (ether linkage) to generate anew derivative which would be predicted to have good activity 
with tubulin. This compound may be prepared by an addition elimination reaction utilizing the 

10 trimethoxyphenolic anion as a nucleophile as described by us for the benzo[6]thiophene 
compounds. Other linkage atoms between the aryl aryl rings are conceivable as well. 

All of the compositions and methods disclosed and claimed herein can be made and 
executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 

1 5 embodiments, it will be apparent to those of skill in the art that variations may be applied to the 
compositions and/or methods and in the steps or in the sequence of steps of the method described 
herein without departing from the concept, spirit and scope of the invention. More specifically, 
it will be apparent that certain agents which are both chemically and physiologically related may 
be substituted for the agents described herein while the same or similar results would be 

20 achieved. All such similar substitutes and modifications apparent to those skilled in the art are 
deemed to be within the spirit, scope and concept of the invention as defined by the appended 
claims. 
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